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We investigate the many-body effects of a magnetic adatom in ferromagnetic graphene by using
the numerical renormalization group method. The nontrivial band dispersion of ferromagnetic
graphene gives rise to interesting Kondo physics different from that in conventional ferromagnetic
materials. For a half-filled impurity in undoped graphene, the presence of ferromagnetism can
bring forth Kondo correlations, yielding two kink structures in the local spectral function near the
Fermi energy. When the spin splitting of local occupations is compensated by an external magnetic
field, the two Kondo kinks merge into a full Kondo resonance characterizing the fully screened
ground state. Strikingly, we find the resulting Kondo temperature monotonically increases with
the spin polarization of Dirac electrons, which violates the common sense that ferromagnetic bands
are usually detrimental to Kondo correlations. Doped ferromagnetic graphene can behave as half
metals, where its density of states at the Fermi energy linearly vanishes for one spin direction but
keeps finite for the opposite direction. In this regime, we demonstrate an abnormal Kondo resonance
that occurs in the first spin direction, while completely absent in the other one.
I. INTRODUCTION
The Kondo effect [1] describes the screening of a local
spin by conduction electrons, representing a paradigm
of many-body correlations in condensed matter physics.
Its original solution by Wilson’s renormalization group
method has invoked some of the most profound con-
cepts in theoretical physics [2]. While the effect has al-
ready been studied in bulk materials for some 60 years
[3], recent two decades have seen a resurgent interest in
exploring Kondo physics in artificial nanostructures [4].
Thanks to the great tunability of these nanoscale devices
and their flexibility for integration with various exotic
materials, many fascinating Kondo phenomena absent in
bulk systems have now been revealed with unprecedented
control. Of particular interest are the competition of
Kondo correlations with other many-body effects (e.g.,
ferromagnetism [5] and superconductivity [6–8]) and the
screening mechanism in unconventional electronic envi-
ronments [9].
The influence of itinerant electron ferromagnetism on
Kondo correlations has been intensively studied in quan-
tum dots attached to ferromagnetic electrodes [10–12]. It
was shown that in the presence of particle-hole symme-
try the Kondo peak in the density of states of the dot re-
mains unsplit even at finite lead polarizations [13]. When
charge fluctuations are allowed in the asymmetric case,
the lead ferromagnetism causes an effective exchange field
acting on the dot [14–18], leading to splitting and sup-
pression of the Kondo resonance [19–27]. Interestingly,
this exchange field can be fully compensated by an ap-
propriately tuned external magnetic field, thus restoring
the full Kondo resonance [5, 16, 17, 19, 21]. It should be
emphasized that although the unsplit Kondo resonance
shows up at the compensated field or in the particle-hole
symmetric case, the lead ferromagnetism always plays a
destructive role, which reduces the Kondo temperature
[14, 16–19] and hence suppresses Kondo correlations. No-
tably, these destructive influence of ferromagnetism were
demonstrated in published studies only considering con-
ventional ferromagnetic electrodes with smooth and fea-
tureless (if not completely flat) density of states around
the Fermi energy. Detailed information on the interplay
of Kondo correlations and ferromagnetism in unconven-
tional materials with exotic band structure is still lacking.
Graphene [28–30], with exotic Dirac-like electronic ex-
citations, is one of such materials. It exhibits a good deal
of remarkable correlated phenomena, including the frac-
tional quantum Hall effect [31, 32], unconventional super-
conductivity [33], and correlated insulating states [34]. In
particular, graphene provides a perfect realization of the
pseudogap Kondo problem [35–37], when local magnetic
moments are created in graphene either by adatom de-
position [38–40] or via point defects [41–45]. The result-
ing Kondo physics has attracted much research interest
in the last decade [46–61]. Graphene can even realize
salient Kondo models with multiple screening channels
[62–64], having the SU(4) symmetry [65], and exhibit-
ing the super-Ohmic dissipation [66]. While these stud-
ies have demonstrated the carrier doping, explicit impu-
rity positions, and local orbital properties being crucial
for characterizing the graphene Kondo system, the in-
fluence of ferromagnetism has not yet been addressed.
In fact, there are several approaches [67–69] to induce
2long-range ferromagnetic order in graphene without sac-
rificing its excellent conductivity, e.g., placing graphene
on an insulating magnetic substrate [68]. Such ferromag-
netic graphene provides a flexible platform for probing in-
triguing Kondo correlations arising from the interaction
of a local moment with spin-polarized Dirac fermions.
In this paper, we shall study the Kondo physics of a
magnetic adatom on ferromagnetic graphene using the
numerical renormalization group (NRG) method [2, 70–
75]. We demonstrate that unlike conventional ferromag-
netic materials, the graphene ferromagnetism has con-
structive influence on the Kondo effect due to its exotic
band dispersion. Although a particle-hole symmetric im-
purity in undoped graphene always keeps an unscreened
local moment, Kondo correlations can be induced by the
long-range ferromagnetic order present in graphene, giv-
ing rise to two kink structures in the local spectral den-
sity near the Fermi energy. By an appropriately tuned
external magnetic field, the two Kondo kinks merge into a
full Kondo resonance, signaling the fully screened ground
state. The resulting Kondo temperature increases with
the ferromagnetic exchange field and Kondo correlations
are thus enhanced. Remarkably, ferromagnetic graphene
can be driven into the half-metallic regime, when it is
doped such that the Fermi level aligns with the Dirac
point of one spin component while the hybridization of
the other spin component is finite at the Fermi energy.
In this regime, we demonstrate an abnormal Kondo res-
onance that occurs in the first spin component, but com-
pletely absent in the other one. These Kondo phenomena
should be accessible by scanning tunneling spectroscopy
measurements.
The remainder of the paper is organized as follows.
Sec. II introduces the model Hamiltonian and provides
some necessary details of the NRG method. Numerical
results and discussion are presented in Sec. III, followed
by a conclusion in Sec. IV.
II. MODEL AND METHOD
The system under consideration consists of a magnetic
impurity adsorbed on the ferromagnetic graphene, which
is modeled by the following Hamiltonian
H = Himp +Hg +Hhyb. (1)
Here Himp describes the isolated impurity,
Himp =
∑
σ
εdd
†
σdσ + Ud
†
↑d↑d
†
↓d↓, (2)
where dσ annihilates an electron with spin σ =↑, ↓ and
energy εd in the localized magnetic orbital. U is the
Coulomb repulsion when the orbital is doubly occupied.
In the tight-binding representation, the Hamiltonian Hg
of the ferromagnetic graphene reads [76]
Hg =
∑
i, σ
(ε0 − µ+ σh)(a†iσaiσ + b†iσbiσ)
−
∑
〈ij〉, σ
t(a†iσbjσ +H.c.), (3)
where aiσ (biσ) annihilates an electron on site i in sub-
lattice A (B) of the graphene honeycomb lattice, ε0 is
the Dirac-point energy of nonmagnetic graphene, t is the
nearest-neighbor hopping energy, and the chemical po-
tential µ can be tuned by a gate voltage. For ferromag-
netic graphene, a nonzero exchange field h arises from
the ferromagnetic interaction due to the proximity cou-
pling with a magnetic insulator [68]. The explicit form of
the hybridization Hamiltonian Hhyb could be very com-
plicated, depending on the symmetry of the localized im-
purity orbital and its position relative to the honeycomb
lattice. We consider in this work the simplest case where
the impurity atom is adsorbed on the top of a carbon
atom, say on site i = 0 in sublattice A. In this case, the
adatom can only hybridizes with this carbon atom and
the specific symmetry of the localized orbital is irrelevant,
yielding
Hhyb =
∑
σ
V (a†0σdσ +H.c.), (4)
with V representing the hybridization amplitude.
In the momentum space, we introduce the operators of
Dirac fermions [66],
Ckσα =
1√
2
(
akσ − α φk|φk|bkσ
)
, (5)
to diagonalize the graphene Hamiltonian
Hg =
∑
k, σ, α
εkσαC
†
kσαCkσα. (6)
Here α = ± labels the conduction and valence bands,
φk =
∑3
j=1 e
ik·δj with δj the three vectors connecting
one site with its nearest neighbors in the honeycomb lat-
tice. Note that the presence of ferromagnetism lifts the
spin degeneracy of the dispersion
εkσα = αt|φk|+ ε0 − µ+ σh. (7)
In this basis, the hybridization becomes
Hhyb =
∑
k, σ, α
V√
2N
(C†
kσαdσ +H.c.), (8)
with N the number of unit cells in the graphene.
Equations (1), (2), and (6)-(8) constitute the standard
single-impurity Anderson model. Its impurity properties
are fully determined by the so-called hybridization func-
tion
Γσ(ω) =
piV 2
2N
∑
k, α
δ(ω − εkσα). (9)
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FIG. 1: Spin-resolved hybridization function Γσ(ω) at µ = ε0
(a) and µ = ε0 + h (b). Solid and dashed thin lines represent
the hybridization of a top-site impurity with ferromagnetic
(h/D = 0.1) and nonmagnetic (h/D = 0) graphene, respec-
tively. The thick gray lines indicate the Fermi energy EF .
Typical characteristics of Γσ(ω) include the presence of
van Hove singularities at high energies and the low-
energy linear behavior near the Dirac point. Since high-
energy structures of Γσ(ω) are irrelevant to the Kondo
physics, it is sufficient to only concentrate on its low-
energy structure. Specifically, close to the Dirac point,
the graphene dispersion and hence the hybridization
function are linear,
εkσα ≃ α~vF |k|+ ε0 − µ+ σh, (10)
Γσ(ω) ≃ V
2Ω0
N~2v2F
|ω − ε0 + µ− σh|, (11)
measuring k with respect to the Dirac-point momen-
tum. Here vF is the Fermi velocity and Ω0 is the
area of graphene unit cell. For notation simplicity, a
hybridization-function prefactor, Γ0 ≡ V
2Ω0D
N~2v2
F
with D
the half bandwidth of Dirac fermions, is used hereafter.
It is apparent that in ferromagnetic graphene, the mass-
less Dirac fermions, characterized by the linear disper-
sion of Eq. (10), are spin polarized due to the long-range
ferromagnetic ordering. Consequently, the hybridization
function Eq. (11), which fully accounts for the influence
of the Dirac-fermion bath on the impurity, is also spin po-
larized. It is our aim in this paper to explore the graphene
Kondo physics subject to this spin polarization of Dirac
fermions.
The nontrivial spin splitting of the hybridization func-
tion, as shown in Fig. 1, suggests that the Kondo physics
will exhibit interesting modulations under variation of
the ferromagnetic exchange field h and/or the chemical
potential µ. It is well established [51] that in the presence
of particle-hole symmetry, no Kondo screening is possi-
ble for impurities in neutral (µ = ε0) and nonmagnetic
(h = 0) graphene for which Γσ(ω) vanishes as |ω| at the
Fermi energy EF = 0 [the dashed line in Fig. 1(a)]. As
soon as the ferromagnetism is turned on, the hybridiza-
tion function at the Fermi energy acquires a finite value
Γ0|h|/D for both spin species [the intersection of the two
solid lines in Fig. 1(a)], in favour of developing the Kondo
screening as in normal metals. On the other hand, the
spin-splitting of the hybridization function away from the
Fermi energy is obviously unfavourable to the Kondo ef-
fect. We expect intriguing Kondo phenomena arising due
to these two conflicting consequences of the ferromag-
netism in graphene. Remarkably, when the chemical po-
tential µ is tuned to the spin-dependent Dirac-point en-
ergy ε0+σh, say µ = ε0+h, the ferromagnetic graphene
behaves like a Dirac half metal: the Fermi level aligns
with the spin-↑ Dirac point while the spin-↓ hybridiza-
tion function is finite at the Fermi energy [Fig. 1(b)]. Can
Dirac fermions in this exotic half-metal regime still screen
the local spin? If can, what is the manifestation of the
resultant Kondo effect?
We shall address these issues by using the NRGmethod
[2, 70, 71] based on the full density matrix algorithm [72–
75]. The full density-matrix NRG [74] is one of the most
powerful methods for quantum impurity systems. It it-
eratively diagonalizes the Hamiltonian and yields an ap-
proximate but complete set of eigenstates. This complete
basis set [72] can be used to calculate dynamical proper-
ties [73] such as the impurity spectral function, as well as
thermodynamic properties [75] such as the impurity en-
tropy. What follows are the numerical results obtained in
the units of D = kB = ~ = 1. NRG calculations are per-
formed by using a discretization parameter Λ = 1.8 for
dynamical properties and Λ = 1.8 ∼ 2.5 for thermody-
namic quantities, and retaining MK = 512 ∼ 1024 states
per iteration. Discrete spectral data is smoothened based
on the log-Gaussian kernel proposed in Ref. [74] with a
broadening parameter α = 0.4 ∼ 0.5. Results are z av-
eraged over Nz = 1 ∼ 4 calculations. Throughout this
work, we fix the Dirac-point energy ε0 = 0 and the local
Coulomb interaction U = 0.2. The temperature T is set
to zero for all results, unless indicated otherwise.
III. NUMERICAL RESULTS AND DISCUSSION
A. Charge-neutral nonmagnetic graphene
We first revisit the Kondo physics of a magnetic
adatom on the nonmagnetic (h = 0) graphene at charge
neutrality (µ = 0). Figure 2(a) displays the resulting
phase diagram in the plane spanned by the impurity
particle-hole asymmetry δ = εd+U/2 and the hybridiza-
tion Γ0. The phase boundary is determined according to
the zero-temperature values of the impurity contribution
to entropy [71], Simp(T ) = S(T )− S0(T ). Here
S(T ) = β〈H〉+ ln[Tr(e−βH)] (12)
and
S0(T ) = β〈Hg〉+ ln[Tr(e−βHg)], (13)
with β = 1/T , are the entropy of the system with
and without the impurity, respectively. The central
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FIG. 2: (a) Impurity phase diagram for charge-neutral non-
magnetic graphene in the plane spanned by the impurity
asymmetry δ and the hybridization Γ0. (b) Impurity entropy
Simp(T ) and (c) spectral function Aσ(ω), for the parameter
set {δ/U, Γ0/U} = {−0.4, 2} (), {0, 2}(•), and {0.4, 2}(N)
marked in (a).
(green) region of Fig. 2(a) represents the local moment
phase, characterized by a residual entropy Simp(0) = ln 2
[Fig. 2(b)]. In this doublet phase, the impurity moment
is asymptotically decoupled from the graphene and be-
haves like a free local moment. On the other hand, in
the two side (orange) regions of Fig. 2(a), the impurity
entropy goes to zero, Simp(0) = 0 [Fig. 2(b)], indicating
a fully screened singlet ground state that is described by
the asymmetric strong-coupling fixed point. The sepa-
ratrix between the singlet and doublet phases is actu-
ally a many-body level crossing, which can also be deter-
mined by the discontinuities of the ground-state energy
as a function of δ and Γ0. In the screened singlet phase,
Kondo correlations can develop when charge fluctuations
are suppressed. But there is no sharp boundary between
the Kondo and mixed-valence regimes. It is instead a
smooth crossover as the impurity level, εd or εd + U ,
approaches the Fermi level.
A striking feature of the Kondo effect in neutral non-
magnetic graphene is that the impurity spectral function
[71], Aσ(ω) = − 1pi ImGretσ (ω) with
Gretσ (ω) = −i
∫ ∞
−∞
dt eiωt θ(t)
〈{
dσ(t), d
†
σ
}〉
, (14)
is not peaked at the Fermi energy, exhibiting no charac-
teristic Kondo resonance. In fact, as shown in Fig. 2(c),
both in the Kondo and local-moment regimes, the impu-
rity spectral density vanishes linearly at the Fermi en-
ergy, but featuring broad peaks away from EF . It seems
that there is no clear-cut spectral signature to distinguish
these two phases. All the features discussed in this sub-
section are more or less understood in the literature (see
Ref. [51], for a review).
B. Ferromagnetic graphene at charge neutrality
Now we turn to investigate the effect of ferromagnetic
graphene on the impurity atom. In Sec. III B, we fix the
chemical potential µ = 0 to obtain results for undoped
graphene, while Sec. III C presents results in the Dirac
half-metal regime reached by tuning µ. In both subsec-
tions, we always consider the impurity being particle-hole
symmetric (δ = 0).
Starting from the local moment regime at zero ex-
change field (h = 0), Fig. 3(a) shows the impurity spec-
tral feature A(ε) = A↑(ω) + A↓(ω) with increasing h.
Besides the broadening of the Hubbard bands and the
increasing of spectral density at the Fermi energy [in-
set of Fig. 3(b)], the most striking phenomenon induced
by the exchange field is the appearance of two kink (or
shoulder) structures near the Fermi energy. Note that
as h increases, the two kinks move away from each other
but seem more evident. We attribute them to the Kondo
effect arising from many-body correlations between the
impurity and spin-polarized Dirac electrons in graphene,
as demonstrated in the following.
The corresponding evolution of the impurity entropy
Simp(T ) is shown in Fig. 3(b), which illustrates a sup-
pression of Simp(T ) by finite h at low temperatures. Un-
like in nonmagnetic metals, this suppression of the im-
purity entropy is not an unambiguous signature of the
fully screened Kondo state. The latter in fact cannot de-
velop in the presence of spin asymmetry caused by the
exchange field. In other words, the impurity entropy is
not a good quantity for characterizing Kondo physics in
ferromagnetic graphene.
In order to elaborate the Kondo nature of the kink
structure found in Fig. 3(a), we investigate in detail the
kink position as a function of the exchange filed h. Since
it is difficult to precisely determine the kink position, the
following strategy is adopted. We assume that the kink
structure is formed by the superposition
F (ω) = F1(ω) + F2(ω) (15)
5-1.0 -0.5 0.0 0.5 1.0
0.0
0.5
1.0
1.5
0 10.0
0.1
1.4(top)    
1.0, 1.2,    
0.6, 0.8,    
0.2, 0.4,    
h     /        G0            
G 0
  A
(0
)
 
 
G 0
   
   
   
 A
(w
)
w      /           G0
h  /G0
=         0    (btm),
(a)
(b)
0.60
.20.0
80.0
3
  
 
 
0
ln4
S i
m
p
T      /        D
ln2
10-3                                                                                                                                                                                                                                               10-2                                                                                                                                                                                                                             10-1                                                                                                                                                                                                          100
h     /        G0     =          0
FIG. 3: (a) Impurity spectral density A(ω) and (b) impurity
entropy Simp(T ) for different ferromagnetic exchange field h.
Parameters used are µ = 0, Γ0 = 0.1, and δ = 0. The curves
in (a) are offset for clarity, and the dashed lines guide the
evolution of kink structure in A(ω). The inset of (b) shows
the spectral density at the Fermi energy as a function of h.
of the Kondo resonance peak [77]
F1(ω) = c1Re
[(
ic3
ω − c2 + ic3
) 1
2
]
(16)
and a linear spectrum F2(ω) = c4 + c5|ω|. Here param-
eters c1 ∼ c5 are determined by using Eq. (15) to fit the
spin-resolved NRG spectral data [Figs. 4(a) and 4(b)]. In
particular, we take the fitting parameter c2, which gives
the position of the Kondo resonance peak, as the kink
position. The resulting dependence of the kink position
on the field h is given in Fig. 4(c). On the other hand,
perturbative scaling analysis [15, 17] indicates that the
ferromagnetism of Dirac electrons can induce a local ex-
change field acting on the impurity, which in turn leads
to a spin-dependent renormalization ε˜dσ and a spin split-
ting ∆ = |ε˜d↑ − ε˜d↓| of the impurity level εd:
ε˜dσ = εd − 1
pi
∫
dω
{
Γσ(ω)[1− f(ω)]
ω − εd +
Γσ¯(ω)f(ω)
εd + U − ω
}
,
(17)
where f(ω) is the Fermi distribution function. As shown
in Fig. 4(c), the local spin splitting ±∆ calculated from
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FIG. 4: (a) and (b) NRG results for the Kondo shoulder in
the spin-resolved spectral function Aσ(ω) at h/Γ0 = 0.32, fit-
ted by Eq. (15) in the main text. (c) NRG results for the
position of spin-resolved Kondo shoulder as a function of the
ferromagnetic exchange field h, in comparison with the effec-
tive local-level splitting ±∆ [from Eq. (17) in the main text].
Parameters used are µ = 0, Γ0 = 0.1, and δ = 0.
Eq. (17) are in good agreement with the kink position
calculated by the NRG method. This implies that the
two kink structures appearing in the spectral function are
actually two split Kondo peaks distorted by graphene’s
linear dispersion.
Another feature that reveals the Kondo nature of the
kink structure is its magnetic field dependence. We ap-
ply a local magnetic field B on the impurity atom. This
adds the Zeeman energy, B(n↑ − n↓) with nσ = d†σdσ, to
the Hamiltonian (1). Figures 5(a) and 5(b) present the
evolution of Kondo kink with the magnetic field. While
the magnetic field B parallel to the exchange field h sim-
ply suppresses the Kondo kinks [Fig. 5(b)], the situation
is more interesting when B is antiparallel to h [Fig. 5(a)].
As the antiparallel magnetic field increases, the two kinks
first approach to each other and deform into two peaks.
The two peaks then merge into a single Kondo reso-
nance at a particular field B = Bc [see the red curve in
Fig. 5(a)]. Increasing further the magnetic field, the reso-
nance peak splits again and eventually fades away. Since
at B = Bc the spin asymmetry in the local occupancies
also vanishes [see the point n↑ = n↓ = 0.5 in Fig. 5(c)],
we actually obtain a fully-screened ground state and the
strong-coupling Kondo limit is reached at Bc. This com-
pensation effect of the external magnetic field has already
been observed for Kondo effect in conventional ferromag-
netic materials [5, 16, 17, 19, 21]. Unlike the previous
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FIG. 5: (a),(b) Evolution of the Kondo shoulder in the spec-
tral function A(ω) with the variation of external magnetic
field B. (c) Spin-resolved local occupation nσ as a function
of B. Note that the magnetic field at which n↑ = n↓ = 0.5 in
(c) is exactly the same magnetic field where the two Kondo
shoulders merge into a single Kondo peak [the red curve in
(a)]. Parameters used are h/Γ0 = 0.5, µ = 0, Γ0 = 0.1, and
δ = 0.
cases, the compensation field in our case needs to be ex-
tremely finely tuned because the step in the occupancy
nσ(B) as a function of B is very steep [Fig. 5(c)] due to
the exotic linear spectrum of ferromagnetic graphene.
In the presence of external magnetic field B, the renor-
malization Eq. (17) of the impurity level within the per-
turbative scaling theory [15, 17] should be modified in
the following way: in the right hand side of Eq. (17), the
first two εd being replaced with εd + σB, while the third
one being replaced with εd + σ¯B. Then the compen-
sation field Bc can be determined under the condition
∆ = |ε˜d↑ − ε˜d↓| = 0 which means the external field fully
compensates the local spin splitting induced by the fer-
romagnetic Dirac electrons. Figure 6(a) shows that the
compensation field Bc(h) as a function of h calculated by
the scaling theory is in good agreement with the NRG re-
sults calculated via the criterion n↑(Bc) = n↓(Bc).
Fixing the magnetic field at Bc(h) for any nonzero
h, a full Kondo resonance always develops in the local
spectral density and its width at half maximum gives
the Kondo temperature TK . We find that upon in-
creasing h, the Kondo resonance broadens and lowers
[Fig. 6(b)], resulting in an increasing Kondo temperature
[Fig. 6(c)]. This feature is strikingly different from the
Kondo physics in conventional ferromagnetic materials.
In conventional materials, intensive studies [14, 16–19]
have demonstrated the destructive influence of ferromag-
netism, which reduces TK and suppresses Kondo corre-
lations, even though the compensation field is already
0
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FIG. 6: (a) Effective spin splitting ∆ of the impurity level as
a function of the exchange field h in ferromagnetic graphene
and the local external magnetic field B, calculated by the per-
turbative scaling theory. Solid circles are the NRG results of
the compensation magnetic field Bc(h). (b) Impurity spectral
density A(ω) at B = Bc(h) for various h. (c) Kondo tempera-
ture as a function of h. Parameters used are µ = 0, Γ0 = 0.1,
and δ = 0.
applied. On the contrary, we demonstrate here that
although the Kondo effect is absent for a particle-hole
symmetric adatom in undoped graphene, the presence of
ferromagnetism can induce this effect by enhancing the
Kondo temperature and Kondo correlations. This con-
structive influence of ferromagnetism on the graphene
Kondo physics is one of our main findings. An intu-
itive understanding of this behavior can be achieved by
examining the variation of graphene density of states
with the ferromagnetic exchange field h. As shown in
Fig. 1(a) and Eq. (11), the hybridization at the Fermi
energy is a monotonically increasing function of h, i.e.,
Γσ(EF ) = Γ0|h|/D for µ = ε0 = 0, so is the graphene
density of states. Therefore, as h increases, more Dirac
electrons can gather near the Fermi energy, favouring the
formation of a Kondo singlet at large energy scales.
C. Kondo physics in the Dirac half-metal regime
In this subsection, we fix the ferromagnetic exchange
field h/Γ0 = 0.5 in graphene and investigate the effect of
carrier doping by tuning the chemical potential µ. Note
that we only present results of electron doping (µ > 0)
because for a symmetric (δ = 0) impurity the physics
arising from hole doping (µ < 0) is exactly the same
as in the electron doping case. At zero magnetic field,
Fig. 7(a) shows the evolution of Kondo shoulders in the
spectral function A(ω) = A↑(ω) +A↓(ω) with increasing
µ > 0. While the shoulder at ω > 0, which is of the spin-
7↑ species, monotonically rises as µ increases, the shoul-
der at ω < 0, which is of the spin-↓ species, goes down
first and then rises again. Particularly, in the half-metal
regime of µ = h where the Fermi level aligns with the
spin-↑ Dirac point but Γ↓(ω) is finite at the Fermi energy
[Fig. 1(b)], the spin-↓ shoulder is completely suppressed,
leaving only the spin-↑ shoulder [see the red curve in
Fig. 7(a)]. Staying in this half-metal regime, we proceed
our study by applying the magnetic field B to adjust
the local spectral feature. As B increases to compen-
sate the spin asymmetry of local occupations, the spin-↑
Kondo shoulder gradually develops into the full Kondo
resonance at the Fermi energy [Figs. 7(b) and 7(c)]. On
the other hand, the spin-↓ spectral function A↓(ω) is al-
ways featureless near the Fermi energy, although its two
Hubbard bands become more symmetric [Fig. 7(d)]. De-
spite the absence of Kondo resonance in A↓(ω), the local
spin is still fully screened by Dirac electrons in the half-
metal regime, since n↑ = n↓ can always be achieved at
Bc. We find again that the compensation field Bc(µ) as
a function of µ, determined by the NRG method via the
criterion n↑(Bc) = n↓(Bc), is in good agreement with the
corresponding results of the perturbative scaling theory
[Fig. 7(e)].
The Kondo physics revealed here for the Dirac half
metals seems peculiar: the Kondo resonance shows up
only for the spin-↑ component, while Γ↑(EF ) vanishes
linearly and Γ↓(EF ) is finite. Nonetheless, this feature
is somewhat consistent with previous results obtained in
conventional ferromagnetic materials having an energy-
independent hybridization Γσ. In such impurity systems,
the Friedel sum rule [17–19] can be used to relate the
spectral function Aσ(EF ) at the Fermi energy to the local
occupation nσ,
Aσ(EF ) =
sin2(pinσ)
piΓσ
. (18)
When equal occupation n↑ = n↓ is achieved by the exter-
nal compensation field Bc, Eq. (18) implies that a small
hybridization in one spin direction results in a large am-
plitude of the Kondo resonance in the same spin direc-
tion, and vice versa. Although our finding is somewhat
understandable from the above analysis, to the best of
our knowledge, such kind of fully polarized Kondo res-
onance appearing only in one spin direction has never
been discovered before. Apparently, the exceptional band
structure of ferromagnetic graphene is crucial in inducing
this unusual phenomenon.
IV. CONCLUSION
We have studied the constructive influence of ferro-
magnetism on the Kondo physics of an impurity atom
adsorbed on ferromagnetic graphene. It is demonstrated
that for a symmetric impurity in undoped graphene,
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FIG. 7: (a) Local spectral density A(ω) for various chemi-
cal potentials µ at zero magnetic field. (b)-(d) Spin-resolved
spectral density Aσ(ω) for various magnetic fields B in the
half-metal regime (µ = h). Here the compensation field
Bc/Γ0 ≃ −0.0646688 and the exponent m is introduced for
the convenience of signifying magnetic fields very close to Bc.
In (a), (b), and (d), arrows indicate the evolution of spectral
functions with the parameters listed in the figures. (e) Effec-
tive spin splitting ∆ of the impurity level as a function of µ
and B, calculated by the perturbative scaling theory. Solid
circles are the NRG results of the compensation magnetic field
Bc(µ). Parameters used are h/Γ0 = 0.5, Γ0 = 0.1, and δ = 0.
Kondo correlations can emerge only in the presence of
ferromagnetism in graphene and the spin polarization
of Dirac electrons strikingly enhances the Kondo tem-
perature. Driving ferromagnetic graphene into the half-
metallic regime by carrier doping, we predict an abnor-
mal Kondo resonance that develops in one spin direction
but is absent in the opposite direction. These intrigu-
ing features can be locally probed by scanning tunnel-
ing microscopy, and are in principle also accessible in
bulk transport measurements. Our results predicted in
this paper, e.g., the fully spin-polarized Kondo resonance,
may have potential applications to spintronics based on
ferromagnetic graphene.
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